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The behavior of 2% Pd catalyst supported on ceria-zirconia, prepared by solution combustion synthesis,
was investigated in fresh and aged status, after severe hydro-thermal ageing in presence of SO,. A surface
chemical characterization study was performed using methane temperature programmed combustion,
oxygen temperature-programmed desorption, hydrogen temperature-programmed reduction and infrared
spectroscopy of low temperature carbon monoxide adsorption. The fresh catalyst is mostly constituted by
partly oxidized very small Pd metal particles and dispersed Pd oxide species. This situation gives rise to
high catalytic activity for methane combustion at low temperature. The progressive oxidation of highly
dispersed small Pd particles to PdOy, as well as the coalescence of dispersed Pd oxide species result in
PdOy particles fully oxidized at least at the surface which are less active (in the low temperature range)
with respect to the active species of the original catalyst.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Premixed natural gas combustion within porous media coupled
with a catalytic system was found to represent an excellent so-
lution for energy production for domestic applications [1-6]: as
main obtained results up today, a considerable reduction of CO and
unburned hydrocarbons, coupled with a limited production of ther-
mal NOy, can be listed, together with an enhanced overall thermal
efficiency.

Palladium based catalysts appear to be the most active cata-
lysts for natural gas combustion [7,8]. Alumina is the most largely
used support, although addition of ceria is reported to be bene-
ficial [9-12]. Zirconia supported catalysts have also been investi-
gated [13-18]. Dispersing a noble metal over a support intrinsi-
cally active towards catalytic oxidation, such as CeO,-ZrO, mixed
oxides, was expected to have favorable effects on the overall cat-
alytic activity. Apart as catalyst for CHy combustion [15,19-21],
Pd/Ce0,-Zr0O, systems are also known in literature as very good
and promising catalysts for other industrial applications, such as
three-way catalysts (TWC) for automotive applications [22-29], or
catalysts for diesel soot combustion [30-32], NO reduction by CO
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[33-35], methanol decomposition into syngas [36], toluene com-
bustion [37].

Despite there are still some divergences in literature concern-
ing mainly which is the most active state of the Pd-based cata-
lysts for CH4 oxidation (metallic Pd [38-42], PdO [7,43-48] or a
mixed phase Pd®/PdOy [49-51]), the Pd active phase as oxidation
catalysts is mostly identified as PdO [43,44], which is known to
decompose into Pd metal in the range 650-850°C, depending on
0, partial pressure [52,53] and reactive gas mixture composition.
The transformation of PdO into Pd is reported to negatively affect
catalytic reaction by lowering conversion; anyway, CH4 combus-
tion activity has been reversibly restored upon re-oxidation of Pd
to PdO. The nature of the support is reported to influence strongly
the re-oxidation of Pd metal, which is in particular favored by ad-
dition of CeO; to both Al,03 [10,12,54] and ZrO, [55-57] supports.

Vibrational spectroscopic studies of adsorbed CO represent,
since decades, very informative investigations on the surface state
of bulk and supported metal catalysts [58,59]. Infrared studies of
CO adsorption at low temperature are largely applied to the char-
acterization of the oxidation and coordination state of cationic
metal centers on oxide surfaces [60,61]. Application of these tech-
niques to real Pd oxide based oxidation catalysts is, however, quite
scarce [62-64]. The existence of species different from Pd and PdO
massive particles, such as dispersed Pd*, Pd2* and Pd*t species,
has been proposed on the frame of these investigations. On the
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other hand, recent surface science studies with innovative tech-
niques performed on model “planar” catalysts [65] as well as the-
oretical investigations [66] have provided additional detailed infor-
mation on the oxidation catalysis over Pd catalysts.

In the present paper a surface chemical characterization study
of Ce0,-Zr0; supported 2% Pd catalyst, hereafter named PCZ, is re-
ported. Such a catalyst was developed for natural gas combustion
in premixed burners as a source of thermal energy in domestic
appliances (heating and sanitary water production), and found ex-
cellent activity [5,6,67]. The aim is to investigate the details of the
catalytic active sites and the reasons of the deactivation behavior
after prolonged treatment under hydrothermal ageing conditions
and sulfur compounds poisoning.

2. Experimental

Two Pd/y-Al;03 catalysts were used as reference materials.
Sample PA1 was prepared from Degussa Aluminum oxide C (10%
Pd, 100 m?g~!; mean particle size 55 pm, crystallite size 13 nm)
by impregnation with Pd(NO3),-2H,0, subsequent drying at 80°C
for 48 h and calcination at 450°C for 3 h. Sample PA2 was pre-
pared using Pural SB alumina from Condea (2.7% Pd, 193 m%g~!;
mean particle size: 45 pm, crystallite size 5 nm) with a similar
impregnation procedure.

2% Pd on Ce0,-ZrO, (PCZ) powdered catalysts were prepared
via solution combustion synthesis (SCS) [6,67-69]. Ce, Pd and ZrO
nitrates (Aldrich, 99% purity) were used as precursors, the nitrate
ion acting as oxidizer of glycine in solution. The organic molecule
guarantees good solution homogeneity, preventing the preferen-
tial precipitation of ionic species, and reacts with the precursors
(metal nitrates). The precursors and glycine, dosed in the stoichio-
metric amounts, were dissolved in distilled water and the resulting
solution, thoroughly stirred to ensure complete dissolution of all
reagents, was then transferred in a ceramic dish and placed into
an electric oven set at 450 °C. After water evaporation and a signif-
icant increase in the system viscosity, the heat released in the fast
reaction allowed the formation of the catalytic powders. Subse-
quently, the as-prepared powders were calcined in oven at 800°C
for 2 h in still air, so as to favor decomposition of the eventually
unreacted nitrate precursor [6,67].

The catalytic activity towards CH4 oxidation of the fresh and
aged PCZ powders was tested in a lab-scale fixed-bed micro-
reactor (temperature programmed combustion, TPC): 0.1 g of cat-
alyst mixed with 0.9 g of SiO, (0.2-0.5 mm in size, to prevent
the catalytic bed clogging), sandwiched between two quartz wool
layers, were inserted in a quartz tube (4 mm ID). The obtained
micro-reactor was placed into a PID regulated electrical oven and
fed with 50 Ncm? min~! of a gaseous mixture containing 2% CHg
and 16% O, in He. The micro-reactor temperature was measured
by a K-type thermocouple placed inside the catalytic bed. Starting
from 800°C, the oven temperature was decreased at 2°Cmin~!
rate and the outlet CO,, CO, CH4 and O concentrations were de-
termined by a continuous analyzer (NDIR and paramagnetic Uras
14, ABB), thus allowing to evaluate CH4 conversion. The tempera-
ture where 50% conversion of CHy occurred, Tsg, was considered
as an index of the powders catalytic activity.

To evaluate the effect of time on stream, the catalytic pow-
ders were aged for different times with an “accelerated” ageing
procedure. They were kept in an electric tubular oven at 800°C
(a thermocouple was used to monitor the furnace temperature)
under a flow rate with typical domestic boiler exhaust composition
(9% CO9, 18% H30, 2% O, in N3); 200 ppmv of SO, were added too
[6,67]. The latter value was chosen several times higher than the
odorant supplementary concentration in commercial natural gas
(in Italy, about 8 ppmv of tetrahydrotiophene, C4Hg-S, also known
as THT) so as to accelerate any possible poisoning effect. Earlier

sulfur poisoning studies on perovskite catalysts showed that the
basic poisoning mechanism under catalytic combustion conditions
was chemisorption of SO,/SO3 species generated by combustion
of whatever sulfur-organic compound present in the feed (e.g.,
odorants) [70]. Particularly, it was demonstrated that the direct
presence of SO, or of the THT odorant in the feed did not lead to a
significantly different ageing effect, provided the overall sulfur con-
tent remaining the same. SO, /SO3 species, in fact, resulted from
the total oxidation of S-containing organics during the combustion
process [71]. For this reason only ageing runs with a SO,-laden
flow were accomplished. The catalyzed burners were continuously
aged up to 3 weeks: for a domestic boiler, such operating time
in 200 ppmv SO, atmosphere may be considered equivalent to a
utilization life time of approximately three years under real opera-
tion [67]. The as-prepared catalysts were completely characterized
at fresh status and after each week of ageing (PCZ-F, PCZ-1W, PCZ-
2W and PCZ-3W samples).

The crystallite phases size of the various catalysts were detected
by X-ray diffraction (Philips PW1710 apparatus equipped with a
monochromator for the CuK« radiation; markers located accord-
ing the PcpdfWin database). The surface area and the pore size
distribution of all samples were determined by N, adsorption at
the liquid N, temperature in a Micrometrics ASAP 2010 M instru-
ment. The surface area was determined according to the Brunauer-
Emmett-Teller theory; the samples were degassed in vacuum for
at least 4 h at 250 °C before analysis.

Temperature-programmed desorption (TPD) and temperature-
programmed reduction (TPR) tests (Thermoquest TPD/R/O 1100
Series, Thermo Finningan analyzer, equipped with a thermal con-
ductivity detector TCD) were employed to investigate the O, de-
sorption with temperature and to quantify the presence of PdO on
the catalysts’ surface on fresh and aged samples. To perform cal-
culations on PdO amount, reference supports of pure Ce0,-ZrO;
(CZ) without noble metal were also employed. TPR tests were per-
formed by firstly flowing 10 Ncm? min~! of 5% H; in Ar, increasing
the temperature from 50 to 900°C at 10°C min~! to evaluate the
H; consumption. Then an oxidation treatment was performed by
flowing 40 Ncm® min~! of pure O, increasing the temperature
from 25 to 750°C at 40°Cmin~! followed by cooling to room
temperature in the same oxidizing atmosphere. With the catalysts
completed oxidized, TPR tests were performed again by flowing
once more 10 Ncm? min~! of 5% H, in Ar, increasing the temper-
ature from 50 to 900°C at 10°Cmin~"! to evaluate the new Ho
consumption. Mathematical calculations on the PdOy percentage
were accomplished by considering the initial and adsorbed vol-
umes of gas, the catalyst amount and the noble metal percentage.

For IR studies, pressed disks of the pure catalysts powders were
activated “in situ” by using an infrared cell connected to a conven-
tional gas manipulation/outgassing ramp. All catalysts were first
submitted to a treatment in air at 400 °C, for 30 min, followed by
evacuation at the same temperature before the adsorption exper-
iments. In order to obtain the reduced catalysts, after the men-
tioned evacuation, they were put in contact with a Hy pressure
~300 Torr at 400°C, for 30 min, and successively outgassed at
the same temperature. CO adsorption was performed at —140°C
by the introduction of a known dose of the gas (10 Torr) inside
the low temperature infrared cell containing the previously acti-
vated wafers. IR spectra were collected, evacuating at increasing
temperatures between —140 and 0°C. Spectra have been recorded
in the temperature range —140 °C to room temperature by a Nico-
let Nexus FT instrument.

3. Results

The XRD spectra for as-synthesized fresh and aged powders
are presented in Fig. 1. The fresh sample crystallized as tetrago-
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Fig. 1. XRD patterns of the fresh and aged PCZ catalysts.
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Fig. 2. CH4 temperature-programmed combustion curves of the fresh and aged PCZ catalysts.

Table 1

Characteristics of the fresh and aged PCZ catalysts under study.

2% Pd| BET Crystallite Tso Desorbed O, pdoP
Ce0,-Zr0, (m?g1) size? (nm) (°C) (umolg=1) (%)
PCZ-F 74.6 56 380 54.3 28.6
PCZ-1W 62.3 75 380 49.9 34.4
PCZ-2W 34.8 85 420 52.7 n.d.
PCZ-3W 21.5 96 490 51.9 82.6

@ Cubic phase.
b From H, TPR data.
n.d.—not determined.

nal Ce0O;-ZrO; solid solution phase (space group P4,/nmc, Z =2),
in agreement with previous studies given the composition of our
sample [72], while a cubic fluorite-like CeO, (or CeO,-rich) phase
(space group Fm3m, Z = 4) segregates out after 2 and 3 weeks age-
ing. The presence of eventual micro-domains of Ce-rich or Zr-rich
phases cannot be detected by conventional diffraction analysis be-
cause the crystallographic structure and orientation of the atomic
planes are the same for all CeO,- and ZrO,-enriched regions within
the crystallite [27]. CO adsorption could discriminate between Ce
and Zr ions, but apparently no surface enrichment can be evi-

denced in the present case. No diffraction peaks related to Pd or
PdO were detected, in agreement with the small Pd loading.

The BET values, reported in Table 1 together with the mean
crystallite size of the cubic phase calculated via the Scherrer equa-
tion, were very high (strongly related to the synthesis method that
allows to process powder with high surface area). However, ageing
resulted in a severe loss of surface area.

Fig. 2 shows the TPC results of fresh and aged PCZ catalysts. The
catalyst performance remained stable till 1 week ageing, with a
decline increasing with time on the 2W and 3W samples. It seems
that the decline of catalytic activity is much less pronounced than
the decline in total surface area of the catalyst. It seems also in-
teresting to remark that, while reaction started at the same tem-
perature for the PCZ-2W sample, only for the PCZ-3W sample the
reaction started at a definitely higher temperature. On the other
hand, the catalyst severely aged for three weeks actually retained
catalytic activity with almost total CH4 conversion at 600°C. It
seems also interesting that the CH4 conversion on the 3W catalyst
is more than 96% above 700 °C, it decreases a little bit until 90%
at 650°C, and increases again to about 93% at lower temperatures
(600 °C) monotonically with decreasing temperature. A similar be-
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Fig. 3. 0, temperature-programmed combustion curves of the fresh and aged PCZ catalysts.

havior, recorded in other cases during cooling [7,46,50,51], was
found to be associated to the oxidation of Pd metal (the stable
phase in low O, partial pressure and high temperature) to PdO,
which would be more active in this temperature range.

The oxidation state of the fresh and the aged catalysts were
studied by O, TPD (Fig. 3). The O, TPD curve of the fresh cata-
lyst showed the desorption threshold near 430 °C, the peak near
560°C and a further desorption tail in the region 600-700°C. The
peak temperature T, was far higher than the temperature at which
catalytic reaction started. In fact the O, desorption threshold tem-
perature was practically coincident to the temperature at which
CHy4 conversion became complete. The O, desorption temperatures
from the fresh catalyst were far lower than those reported for de-
composition of bulk PdO into Pd metal (730-830°C) [43,44,52] but
not too far from the temperature at which adsorbed O, was found
to desorb from Pd(111) single crystal surface (490 °C) [73].

The catalyst maintained, after ageing, practically the same des-
orption performance in terms of amount of desorbed O, (average
value: 52.2 pmolg_1 4 4.2%). The desorption threshold also re-
mained the same after one and two weeks ageing, when, however,
the peak maximum shifted to higher temperatures. This shift was
very small after one week (to 580°C), but significant after two
weeks ageing (650°C).

After three weeks ageing both desorption threshold and Tp
shifted appreciably to higher values (650°C and 790°C, respec-
tively), with the latter just in the region reported for PdO particles
decomposition (730-830°C) [43,44,52]. Also for the 3W sample,
however, the desorption threshold temperature nearly coincided
with that at which CH4 conversion was complete in TPC experi-
ments. The trends of Tgp (CH4 combustion TPC) and T, (O de-
sorption TPD) are, in fact, in close agreement. The lower the O,
desorption temperature range (see the Tp values), the higher the
catalytic activity toward CH4 combustion.

Being the amount of Pd loaded to the catalyst about 190 pmol
g~ 1, attributing all the O, evolved by the catalyst to the decom-
position of (formally) PdO oxide species (thus excluding a direct
participation of CeO; in O, desorption), it is possible to conclude
that a little less than half Pd atoms remained indeed oxidized
and/or could be reduced to Pd metal by thermal treatment. In
other words, the averaged composition of surface “palladium ox-
ide” species should have been near Pd;O, supposing it to fully
decompose into Pd metal upon TPD runs. Additionally, the amount
of desorbed O, was independent from the total surface area of
the sample. It seems consequently likely that, despite the sintering
of the support, all the Pd species remained available at the sur-

face, allowing O, desorption. However, the nature of these species
should change, with a resulting increase of the temperature of
the O, TPD peak and a parallel decrease of the catalytic activ-
ity. In case of complete dispersion of Pd atoms at the surface of
CZ, the density of Pd atoms should increase upon ageing from
~1.25 atomnm~2 for the fresh catalyst up to ~5 atomnm™2 for
the 3W aged sample. Therefore, on the 3W aged sample each Pd
atom had still available ~20 A2, thus having the possibility (geo-
metrically speaking) to remain atomically dispersed also after the
carrier sintering upon ageing.

TPR results are reported in Table 1 as percentage of reducible
Pd oxide species (assuming the PdO stoichiometry) present on each
catalytic sample: it increased upon ageing and deactivation. It is
worthy to note that the amount of O, calculated from TPD and TPR
data is different but in the same order of magnitude, suggesting
that different types of Pd oxides may exist. Moreover, TPR peaks
came out approx at the same temperature, without separation
among them; the only difference is related to the peaks’ inten-
sity: the more aged the catalyst, the more hydrogen is consumed.
Although also sulfates species could consume Hj, it is worth note
that Pd is predominant.

In Fig. 4 the IR spectra of pressed disks of the fresh and the
2 weeks aged PCZ catalysts are compared with those of the sup-
port treated in the same way. The fresh support shows a broad
but well defined OH stretching band at 3670 cm~! with a shoul-
der at 3710 cm~! providing evidence of surface hydroxy groups.
The position of these components corresponds to those of some
OH'’s observed on ZrO, polymorphs (3670 cm™~1) [59,74], with that
of OH groups observed on CeO, (3710 cm~!) [59] suggesting that
such hydroxy groups may be both due to CeOH and ZrOH species.
The spectrum we found is similar to that reported by Daturi et al.
for Ceg5Zrg50, [75]. Such an absorption is significantly decreased
in intensity on the catalyst, suggesting that Pd species interact with
or exchange surface hydroxy groups. The hydroxy groups are also
strongly decreased on the aged support.

On both fresh catalyst and fresh support a sharp peak is ob-
served at 2340 cm~! and broad bands are observed in the region
1800-1200 cm™!. These features are due to trapped CO, molecules
and carbonate ions, both residual of the organic molecule used
in the preparation of the support. Trapped CO;, species decrease
in amount (their band decrease in intensity) upon ageing, while
carbonates disappear completely. New bands appear, conversely, at
1340 and 1280 cm™!, superimposed to the bands due to residual
carbonate species, together with a complex and strong absorp-
tion centered at 1000 cm~!, with a shoulder around 1100 cm~'.
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Fig. 4. FT-IR spectra of pure powder pressed disks of the PCZ-F and PCZ-2W catalysts and the corresponding supports (CZ), all after outgassing in vacuum at 400°C.
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Fig. 5. FT-IR spectra of pure powder pressed disks of the PCZ catalysts, all after outgassing in vacuum at 400°C, and the corresponding subtractions (in the insert). The
broken line in the insert is the subtraction spectrum of sample PCZ-F after-before adsorption of CO.

An absorption tailing to lower frequencies could be also detected. a complex massif absorption above 1100 cm~! with pronounced
Following literature results [76] these complex bands could be as- shoulder around 1070 and 990 cm~!. The broad absorption tailing
signed to sulfur containing species. The band around 1340 cm™! towards 900 cm~!, could be assigned to sulfite species, possibly
is due to S=O0 stretching mode of a surface (mono-oxo) sulfate formed by decomposition of sulfate in the present experimental
species, having some covalent character, while it has been sug- conditions, i.e. heating in vacuum.

gested that the band at 1260 cm~! can be assigned to a sim- In Fig. 5 the overall spectra of the fresh and aged PCZ catalysts
ilar sulfate surface species having different coordination (di-oxo are reported. They show again the progressive disappearance of
species). An evidence in favor of such assignation came from the the band of trapped CO, and of the surface carbonate species (al-
behavior of these band which appeared together following 1 week ready fully disappeared in the sample 3W), with the formation of
ageing, reached their maximum following 2 weeks ageing then surface and bulk carbonates, that however are largely disappeared
decreased in intensity. This effect could be explained considering again after three weeks ageing, likely due to sintering of the CZ
surface sulfates formed in a first poisoning step, then diffusing “support.” This suggests bulk sulfates are, more likely “subsurface”
in the bulk. Bands below 1200 cm~! are typically due to S-O sulfates.

stretching modes of ionic sulfates. In particular, bulk (or subsur- In the insert in Fig. 5 are also reported the subtraction spec-

face) sulfates species over PCZ systems should be characterized by tra, showing the species that disappear after ageing for 3 weeks.
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Fig. 6. FT-IR spectra of CO adsorbed on: (A) sample PA1, after previous calcination in air at 400 °C and outgassing at 400 °C (full line), after reduction in Hy 1 atm at 400°C
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calcination in air at 400°C and outgassing at 400 °C (full line) and after reduction in H, 1 atm at 400 °C and outgassing at 400 °C (broken line), in contact with CO 10 Torr

at —140°C for 5 min. The corresponding activated surfaces spectra were subtracted.

It seems interesting to remark that the fresh sample and the sam-
ple 1W (which are the most active ones, with similar activity and
ability to desorb O;) show a strong band at 740 cm~!, seen with
difficulty in the un-subtracted spectra because they are located
near the cut-offs of the samples, where absorption grows very
much. This band at 740 cm~! is also observed when the spec-
trum of the activated pure support is subtracted from that of the
PCZ catalyst (not shown). Thus, this species is present on the cata-
lyst but absent on the support. A tentative assignment of this band
can be given taking into account the skeletal spectra of PdO. In this
case PdO crystallizes in the so called “cooperite” (or PdS) structure,
with space group P4/mmc = D3, Z =2. In this structure Pd**
jons are in square planar coordination, O~ ions being in tetra-
hedral coordination. The vibrational (IR and Raman) structure of
PdO crystallites has been studied by Kliche [77] and by McBride
et al. [78]. PdO gives rise to two IR active and two Raman active
modes assigned to stretching of the OPd, tetrahedral which are lo-
cated at 668 cm™! (A, IR), 651 cm™! (Byg, R), 612 cm™! (E2, IR)
and 445 cm™! (Eg, R). Being surface metal-oxygen vibrations usu-
ally located at slightly higher frequency than bulk metal-oxygen
vibrational modes, it is possible to assign the band at 740 cm™!
to a surface Pd-O mode over our catalyst. This feature could be
in some way associated to the active sites of our catalysts. As dis-
cussed in the following section, also results from CO adsorption
over the fresh catalyst are in agreement with this assignation (in-
set in Fig. 5, broken line spectrum).

On the other hand, there is no evidence of the peaks of bulk
PdO particles (668, 612 cm~! bands) by IR spectra, suggesting that
Pd oxide species are actually dispersed on the support or perhaps
very small (as confirmed also by XRD spectra).

Another interesting feature in Fig. 5 is the small absorption at
2120 cm™!, whose intensity decreases upon ageing 1 week down
to disappear in the 2W sample. This feature, marked with an arrow
in Fig. 5, has been assigned previously to an electronic transition
of Ce3* ions [79], thus being evidence of a partially reduced state
of the catalyst. It seems interesting to remark that this feature,
also observed in the spectrum of the 1W sample, is disappeared in
those of 2W and 3W samples. This may be taken as an evidence
of an increasingly oxidized state of the catalysts upon deactivation
in the Oy-containing stream.

In Fig. 6A the IR spectra of CO adsorbed at low tempera-
ture over the PA1 catalyst, taken as a reference, are reported
after oxidation and outgassing (full line), and after reduction in
H, (broken line). The Pd atom surface density in this catalyst is

~5.7 atomnm~2, i.e. very similar to that of the PCZ-3W sample.

The XRD pattern of this catalyst after calcinations (not reported
here) shows, together with the features of the y-Al,03 support,
the peaks associated to PdO bulk particles. After reduction, PdO
is no more present while Pd metal particles become evident. In
the oxidized catalyst spectrum a strong band composed of a main
maximum at 2149 cm~! and a pronounced shoulder at 2160 cm™~!
is evident, not anymore observed in the case of the reduced cata-
lyst. This band is certainly due to carbonyl species adsorbed over
oxidized Pd centers which are reduced by the treatment in Hj.
The position of this band allows its assignment to carbonyls over
Pd?t sites [58]. It seems interesting to remark that similar bands
(i.e. well above 2130 cm~!) have not been reported during CO
oxidation over Pd monocrystals [80,81] and on surface oxides of
oxidized Pd nanoparticles. According to Schalow et al. [82], CO
should not adsorb over such “surface oxides” covering Pd parti-
cles. Consequently, it seems likely that these oxidized Pd species
are dispersed on the Al,0O3 support, more than bulk particles. At
higher frequencies, a quite definite, although also weak, band is
found at 2195 cm~!, due to CO interacting weakly with A" ions
on the Al,03 support.

In both oxidized and reduced PA1 surfaces a strong band is
found centered very near 2100 cm~! with an additional compo-
nent envisaged as a shoulder in the region near 2060 cm~!. The
maximum tends to shift in both cases to lower frequencies, down
to 2085 cm~!, by outgassing and decreasing CO coverage. These
features are quite confidently assigned to terminal carbonyls ad-
sorbed on zerovalent Pd atoms. In agreement with this, CO ad-
sorption on Pd monocrystals shows that terminal carbonyls are
found, according to Bradshaw and Hoffmann [83], near 2095 cm™!
on both (111) and (100) planes, while according to Goodmann
and coworkers [84,85] this band has been found at 2110 cm~! on
Pd(111) [84], but not on Pd (100) [85]. This depends on the differ-
ent experimental conditions.

At lower frequencies, only a very weak and broad absorption
centered at 1930 cm~! is found in the case of the oxidized cat-
alyst (Fig. 6A, full line). On the contrary, a very strong band is
observed in the case of the reduced catalyst (Fig. 6A, broken line)
with a main maximum centered at 1981 cm~!, and a pronounced
shoulder near 1900 cm~'. By further outgassing (Fig. 6A, dotted
line), the main component decreases fast in intensity and its max-
imum tend to shift down to 1940 cm~!, while the lower frequency
shoulder does not decreases in intensity and becomes predominant
at lower CO coverages. The vibrational range of these absorptions
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Fig. 7. FT-IR spectra of CO adsorbed on sample PCZ-F, after previous outgassing at 400°C and contact with CO 10 Torr at —130°C for 5 min and successive outgassing upon
progressive warming until 0°C (from top to down). The activated spectrum was subtracted. In the insert: the subtraction outgassed at —130 °C, outgassed at —120°C.

allow their assignment to bridging carbonyls over Pd metal parti-
cles. According to Binet et al. [86] the sharper band in the region
1980-1940 cm™! should be assigned to bridging CO on Pd particles
exposing a (100) type face while the broader and more strongly
bonded band in the 1930-1850 cm~"! region should be assigned to
bridging CO species adsorbed on Pd particles exposing a (111) type
face. This assignment is in agreement with the data arising from
CO adsorption over Pd monocrystals [78-81].

The reduction treatment causes the complete disappearance of
the bands of oxidized Pd centers (2170-2140 cm~!) and the si-
multaneous strong growth of the bands of bridging carbonyls on
zerovalent Pd. However, also the bands due to terminal carbonyls
on zerovalent Pd grow by a factor 2 during reduction. This suggests
that few zerovalent Pd particles (or clusters) are already present in
the oxidized sample but strongly grow in dimension and number
upon reduction.

The spectra of the PA2 catalyst (whose Pd loading is much
lower, and also the support area is far higher than for PA1)
recorded again after oxidation and outgassing and after reduction
in Hy are reported in Fig. 6B. The Pd atom surface density in this
catalyst is ~0.78 atomnm™2, i.e., nearly the half with respect to
that of the fresh PCZ catalyst, and more than 7 times less than for
PA1. XRD patterns of this catalyst too (not reported here), show
the presence of small PdO particles in the oxidized state and of Pd
metal particles in the reduced one. In the oxidized state a main
band at 2149 cm™! is observed, attributed again to carbonyls on
Pd2* species highly dispersed on the Al,O3 supports. However,
in this case the shoulder at 2160 cm~! is not evident. Band at
2160 cm~! (present only on PA1, where Pd loading is far higher
and the support area much lower) could be attributed to carbonyl
species on more aggregated Pd?* species.

On PA2 it is also possible to find a band at 2110 cm~!, which is
however superimposed to a broad absorption tail extending from
about 2150 to 2050 cm~!. The peak at 2110 cm~! is attributed to
carbonyls of zerovalent Pd. Over this catalyst we do not find, in
these conditions, features assigned to bridging carbonyls, suggest-
ing that reduced metal is in fact highly dispersed on PA2.

After reduction in Hy (Fig. 6B, broken line), again the band at
2149 cm~! disappears, confirming its assignment to carbonyls of
oxidized Pd. However, also the feature at 2110 cm~! disappears
while a well defined although quite broad peak is now evident
at 2075 cm~!. The position of this band allows its assignment to
carbonyls on very small Pd particles. On the other hand, a strong

band at 1985 cm~! and a shoulder at 1945 cm~! (likely bridging
species on (100) and (111) faces, respectively) confirm the presence
of large Pd metallic particles after the reduction treatment. On the
other hand, according to a comparison with data concerning CO
adsorption on monocrystals, it seems likely that the Pd particles
on PA2 reduced sample display more (100) faces than those on
PA1, where (111) faces might be more abundant.

The spectra observed on reduced PA1 and PA2 are fully consis-
tent with those reported by several authors for reduced Pd/Al;03
catalysts [81,87]. Also the spectra recorded for oxidized sample
roughly agree with those reported in the literature [58,60-62].
On the other side, the spectrum found over oxidized samples is
quite different from that has been reported by Dellwig et al. [88]
for IRAS studies performed during CO oxidation over Pd/Al,0s.
In these conditions, in spite of the presence of O, in the atmo-
sphere, only the peaks due to bridging CO species are detectable.
It has to be noted, however, that the spectra reported in this study
are recorded during reaction at 93°C. At this temperature, the
bands of carbonyls over oxidized Pd centers (2170-2140 cm™!), as
well as those due to terminal carbonyls over zerovalent Pd (2120-
2080 cm™!), are not observed because the corresponding species
are essentially desorbed, i.e., they have a very short lifetime. As
discussed elsewhere [59,89], in these conditions, the species which
are observed (the bridging carbonyls over Pd metal particles) are
likely mostly spectators of the reaction, while those are not ob-
served at all might behave as active species.

The results described above concerning CO adsorption on Pd/
Al;03 catalysts will be used as references to have information on
the state of Pd on low-loading PCZ combustion catalysts. The spec-
tra recorded after low temperature CO adsorption on the fresh PCZ
catalyst are shown in Figs. 7 and 8, while the corresponding spec-
tra recorded over pure CZ are shown in Fig. 9.

The main band is detected, in both cases, around 2160 cm™", its
maximum shifting continuously to higher frequencies up to above
2180 cm~! upon outgassing. Also the intensity of this band is very
similar in the two cases. Only at room temperature a very weak
feature is observed at 2192-2188 cm~!. Being the surface almost
completely dehydroxylated, this feature is assigned to CO coordi-
nated over cationic sites, such as Ce** and Zr*+ or Pd2* ions. The
discrimination among the different adsorption ionic sites is not
straightforward, all of them showing carbonyl complexes at similar
wave numbers. However, CO adsorption on Zr*t is likely respon-
sible for the high frequency component of the absorption. In fact,
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Fig. 9. FT-IR spectra of CO adsorbed on the fresh CZ support, after previous outgassing at 400 °C and contact with CO 10 Torr at —130°C for 5 min and successive outgassing
upon progressive warming until 0°C (from top to down). The corresponding activated surface spectrum was subtracted. In the insert: the subtraction outgassed at —130°C,

outgassed at —120°C.

CO adsorption on ZrO; gives usually rise to bands near 2175 and
2190 cm~! [90]. Thus, the main maximum is mostly due to Ce**+
carbonyls. In fact, CO adsorption on CeO, gives rise to bands in
this range [91].

The subtraction for the two samples of the spectra recorded af-
ter outgassing at —130 and —120°C is reported in the insert in
Figs. 7 and 9, respectively. In the case of the Pd-containing cat-
alysts, the maximum in the subtraction spectrum is observed at
2156 cm~! but several components appear at lower frequency.

A deconvolution of the peak (Fig. 8) shows at least three com-
ponents in the main band (2157, 2152 and 2145 cm™!) together
with other three weak components in the region 2140-2125 cm™!,
that could be due to small amounts of carbonyls unreduced Pd
centers. In the case of the Pd-free CZ sample, the subtraction spec-
trum is at distinctly higher frequency, 2161 cm~!, and the lower
frequency components appear to be much weaker, if any.

It is possible to remark that upon warming and outgassing, al-
ready at —80°C a sharp band at 2345 cm~! starts to grow on
the Pd-containing catalyst, superimposed to the band of trapped

CO,, cited above. This is not observed in the case of pure CZ.
This band is certainly due to CO, (asymmetric OCO stretching) ad-
sorbed on the catalyst, being rotational components absent. This
indicates that part of CO still bonded in these conditions interacts
with strongly oxidizing adsorption sites. This supports the assign-
ment of carbonyl bands absorbing in the region 2160-2120 cm~!
to CO carbonyl species over oxidized Pd. Consequently, the features
observed at 2180-2160 cm~! could be identified as Ce*t-CO car-
bonyl species.

If the spectrum of the fresh catalyst is subtracted from that
recorded after CO adsorption, a negative band appears at 745 cm™!
(see inset, broken line spectrum in Fig. 5), i.e., just over the peak
assigned above to surface Pd-O stretching modes. This suggests
that CO adsorption over Pd centers perturbs such modes, likely
shifting them to lower frequencies, below the cut-off limit of the
sample. This might be taken as a confirmation of the formation of
Pd carbonyls.

CO adsorption on unreduced PCZ gives also rise to bands as-
signed to carbonyl species over Pd metal atoms (Fig. 7). The band
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at 2106 cm~!, with a shoulder at 2093 cm™!, is due to linear car-
bonyls on top of Pd atoms. In parallel, a very weak broad feature is
observed split at 1960, 1940 cm~!, due to bridging carbonyls. Thus,
few quite large and heterogeneous Pd metal particles are present
in these conditions, together with dispersed or clustered Pd atoms
and ions.

As shown in Fig. 2 and discussed elsewhere [92], after ageing
in a real sulfur containing natural gas feed, PCZ catalyst presents
a progressive although partial deactivation. The catalyst after this
treatment, and, for comparison, also the pure CZ support after the
same treatment, were investigated with the same infrared spec-
troscopic method. Both the catalyst and the support are, after this
treatment, contaminated by sulfate species.

The spectrum of CO adsorbed on PCZ-1W sample (Fig. 10A) is
very similar to that of the fresh one, according also to its simi-
lar catalytic behavior (Fig. 2) and similar O, TPD spectrum (Fig. 3).
Slight differences are associated to the slightly lower intensity of
the bands associated to carbonyls on reduced Pd with respect to
those assigned to carbonyls on the support (Ce** and Zr*t sites)
and also those could be attributed to carbonyls on oxidized Pd cen-
ters.

The IR spectra of CO adsorbed on PCZ-2W sample (whose cat-
alytic activity is definitely decreased) is much simpler than the
previous ones and do not contain any absorption in the region
below 2130 cm~! (Fig. 10B). Also, the main band is significantly
sharper, loosing the absorption shoulder at the highest frequen-
cy.

The maximum shifts again upwards by outgassing but only up
to 2175 cm~!. This indicates that both Pd metal centers and Zr*+
cationic centers are no more available to adsorption of CO. The
band observed at 2160-2175 cm~! is likely due to CO interacting
with Ce**t. The loss of Zr*t cationic centers is likely due to the se-
lective poisoning of these sites by sulfates, as reported in the liter-
ature for CZ [93]. However, the subtraction spectrum, representing
the most labile carbonyl species formed on the surface, is simi-
lar in this case to the previous ones, with an evident maximum at
2153 cm~! and a broad component in the region 2150-2120 cm™.
This suggests that very weakly bonded carbonyl species, likely on
oxidized Pd centers, still exist on this catalyst.

The spectrum of CO adsorbed on PCZ-3W catalyst (Fig. 10C) is
quite similar to that of the 2W sample, confirming the full unavail-
ability of reduced Pd to CO adsorption. The band due to CO bonded
on ionic centers is still present but shows that, upon outgassing,
these centers are strongly weakened in adsorption strength. Addi-
tionally, the broad feature at low frequency extends to a broader
and lower frequency range than for the 2W catalyst, in the region
2150-2050 cm~!, and is even more evident here, because of the
weakness of the main band. This absorption is assigned again to
carbonyls on Pd oxide species.

A comparison of the behavior of the PCZ-2W catalyst respect to
the 2 weeks aged CZ support was also performed. The band ob-
served on the aged catalyst is more resistant to outgassing than
that observed on the Pd-free sample and, additionally, the oxida-
tion on the catalyst of CO to CO, (growth band at 2345 cm™!) is
observed at very low temperature. This is shown in Fig. 11 where
the spectra of the aged PCZ catalyst is compared with that of the
aged CZ support after adsorption of CO at —140 °C and warming at
—20°C under outgassing. The band of CO, grows in this tempera-
ture range over the Pd-containing catalyst, showing its still strong
oxidizing power.

These data suggest that also oxidized Pd species are actually
present on the 2W sample and retain oxidation activity. These
species adsorb CO giving rise to carbonyls characterized by a broad
band in the region 2160-2120 cm~! and possibly also participating
to the main band in the region 2170-2150 cm™!.

4. Discussion

The data reported here allow a contribution to the interpre-
tation of the behavior of PCZ as catalysts for natural gas com-
bustion. O, TPD nicely correlate with CH4 TPC data showing that
ageing results in a decrease in the catalytic activity of the sam-
ple which is due to a progressively lowered activity of Pd species
to release O, whose full amount is actually not changed. This in
spite of the severe loss of total surface area of the samples. On
the other hand, the modification to both TPC and TPD activity
caused by one week ageing is very small. The 2W sample shows
an intermediate behavior while 3 weeks ageing causes a complete
change in the behavior. In spite of this, the 3W sample retains cat-
alytic activity with total CH4 combustion in TPC experiments above
600°C.

02 TPD data show O, desorption from the fresh catalyst in a
temperature range (430-550°C) typical of O, desorption from Pd
metal, more than for decomposition of PdO particles. O, desorp-
tion from the 3W sample, instead, is found just on the typical
region of PdO decomposition (650-850 °C).

IR spectra of adsorbed CO show, on the fresh catalyst, the pres-
ence of well dispersed reduced Pd metal atoms with few larger Pd
metal particles. This is deduced by the intensity of the bands of
terminal and bridging CO over zerovalent Pd.

The partially reduced state of this catalyst is also associated to
the detection of the weak absorption at 2120 cm~!, due to elec-
tronic transition of Ce3t ions. Additionally, the presence at the
surface of both Zr and Ce atoms is evident (as expected indeed)
together with features that must be assigned to the presence of
unreduced Pd ions. These are a weak and broad absorption in
the range 2150-2100 cm~! and also a well defined band in the
range 2150-2160 cm~!. Both these features are due to very weakly
bonded carbonyl species which are not found on the Pd-free sam-
ples.

It is evident that the progressive partial loss of catalytic activity
upon ageing corresponds to the total disappearance of the features
associated to reduced Pd centers, while the weak features which
could be attributed to oxidized Pd centers seem to persist, at least
partially, upon ageing and deactivation. TPR data indicate that the
amount of reducible Pd oxide species increase upon ageing and
deactivation.

The results of the present investigation may be interpreted in
relation to recent surface science results reported for Pd nanopar-
ticles supported over different materials. According to Schalow et
al. [94] as well as to Dellwig et al. [88], Pd particles grown over
ordered Fe304 and Al,03 substrates, respectively, are constituted
by aggregates grown in (111) orientation with an azimuthal align-
ment with respect to the oxide support. These particles expose
(111) facets and a small fraction of (100) facets. The IR spectra of
CO adsorbed over such Pd-Al,03 materials [82] are actually very
similar to those we report here for CO on our reduced Pd/Al,O3
samples, PA1 and PA2, suggesting that the state of Pd is similar
in these cases. Studies of the oxidation of Pd on these materials
agree with those reported in the literature for oxidation of Pd sin-
gle crystals, as discussed by Libuda and Freund [65]. On Pd single
crystal studies, it has been shown that O, adsorbs dissociatively up
to 130 °C forming ordered overlayers of chemisorbed O,. At higher
temperatures (beyond 230°C) the O, uptake is far higher and the
formation of surface oxides occurs, in parallel with a major re-
construction of the Pd surface. According to Schalow et al. [82],
however, two kinds of Pd oxides form in the case of Pd/Fe304 sur-
face. Interface Pd oxide first grows at the interface between the
metal and the support, later surface oxide grows the more the
higher is the reaction temperature. These surface oxides can be dy-
namically formed and decomposed [91]. Pd metal surface coexists
with Pd oxide surface until 330°C, when oxidation of the surface
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Fig. 10. FT-IR spectra of CO adsorbed on: (A) sample PCZ-1W; (B) sample PCZ-2W after previous outgassing at 400 °C and contact with CO (10 Torr) at —130°C for 5 min and

successive outgassing upon progressive warming up to 0°C (from top to bottom). Inset:

subtraction spectrum [outgassed at —130°C| — [outgassed at —120°C]; (C) sample

PCZ-3W after previous outgassing at 400°C and contact with CO (10 Torr) at —130°C for 5 min and successive outgassing (top) and upon warming up to —60°C (bottom).
Inset: subtraction spectrum [outgassed at —130 °C| — [outgassed at —120°C]. The corresponding activated surfaces spectra were subtracted.

is complete. It seems also interesting to remark that, according to
Schalow et al. [82], surface Pd oxide are not active in adsorbing
CO. The picture arising from these studies looks quite the reverse
of the proposal of Su et al. [49] who suggested Pd metal to form
on top of its oxide.

Taking into account the obtained experimental results together
with literature data, in the present most active catalysts (the fresh
one and 1W samples), such as also on Pd-containing catalysts for
CO oxidation [76,77,84], Pd metal (very small particles or clusters,
in this case) and Pd oxide species coexist and likely work synergis-
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Fig. 11. A comparison of the spectra of the residual species adsorbed on PCZ-2W
(broken line) and on the pure support (CZ) aged for 3 weeks (full line) after CO
adsorption at —130°C and outgassing at —20°C.

tically. It seems reasonable to suppose that CH4 activation may be
easier on Pd metal, Pd oxide providing O; species to form CO5.

The deactivation occurring upon the first two weeks of age-
ing should correspond mainly to the surface oxidation of Pd metal
crystals. This oxidation is evident here due to the progressive dis-
appearance, on the 1W and 2W samples, of the features of the
reduced Pd centers. In fact, using CO as a surface probe in IR ex-
periments, terminal and bridging carbonyls over zerovalent Pd are
observed on the fresh catalyst, while terminal carbonyls over ze-
rovalent Pd are observed on the 1W sample. Both these species
are essentially fully disappeared after 2 weeks ageing. This species
seem to be also associated to the band observed at 740 cm~!,
which could be due to Pd-O stretching for such partially oxidized
Pd species.

CO as a probe, according to Schalow et al. [82], should not
reveal the results of such a full oxidation of Pd metal, i.e., the pres-
ence of such surface oxide phase. Here (working with definitely
higher CO pressures compared to Schalow et al. [82]), probably this
species is likely responsible for very weak and broad absorption in
the range 2150-2100 cm™!, found in all the tested catalysts. The
weakness of the adsorption of CO and of its vibrational perturba-
tion, is likely due to the small polarizing power of Pd?* ions and
also by their low Lewis acidity, associated to the strong basicity of
the oxide ions in PdOy species.

Both catalytic and O, TPD experiments indicate that the situa-
tion is deeply modified after 3 weeks ageing. The O, TPD curve
supports the idea that, in these conditions, species behaving as
PdO particles are mostly formed. This results in a definite lowering
of catalytic activity in the temperature range below 600 °C, which,
however, still remains significant. IR spectra for the 3W sample do
not detect, indeed, any reduced Pd centers. It seems likely that the
broad CO stretching feature detected upon CO adsorption, extend-
ing in the range 2130-2060 cm~! (i.e., in a lower frequency range
with respect the less aged catalysts), could be associated to the
weak CO adsorption on PdO crystallites.

Dispersed Pd%* species on the oxide support are also observed
by IR in this study. They are likely more Lewis acidic and, conse-
quently, give rise to sharper and more evident band in the region
2160-2140 cm~!. Some of these species are present on our cat-
alyst (as they are, certainly, on Pd/Al;03 samples) but are partly
masked by the absorptions of CO on Ce*t and Zr** ions. These
species seem to persist even after ageing. It seems likely that these
species, which are certainly stabilized by the interaction with the
support, are less active to oxidation (less easily reducible) but may
have a role in activating reactant molecules such as hydrocarbons,
due to their stronger acidity. In any case, their amount seems to
decrease, probably in parallel with sintering of the support.

It seems likely that the progressive oxidation of Pd particles
to PdOy, as well as the coalescence of dispersed Pd oxide species
result in fully oxidized PdOy particles in the 3W sample whose ac-
tivity is lower. In agreement with this, according to Schalow et al.
[82] the activity for CO oxidation of surface Pd oxide is lower than
that of Pd metal with chemisorbed O,. However, the amount of O,
stored does not change significantly with ageing, probably because
the higher O, content of oxidized PdOy particles is balanced by
the O, lost by the coalescence of dispersed Pd oxide species. The
results here reported and extensively discussed are, in contrast to
most of the previous literature on the subject, relative to small Pd
loading catalysts (which may find practical industrial application in
catalytic combustion), and on their activity at relatively low tem-
perature. In this case, Pd appears to form highly dispersed active
species different from bulk Pd and PdO, to which refer most of the
previous literature.

If the interpretation of the present data is correct, in the low
temperature range 200-500°C (where bulk PdO is more thermo-
dynamically stable with respect to bulk Pd, but probably not with
respect to dispersed PdOy species on the support), the catalysts
previously heated at high temperature (where indeed the stable
phase is Pd) are mostly constituted by partly oxidized very small
Pd metal particles and dispersed Pd oxide species. This situation
gives rise to high catalytic activity for CH4 combustion at low tem-
perature. The progressive oxidation of highly dispersed small Pd
particles to PdOy, as well as the coalescence of dispersed Pd oxide
species result in PdOy particles fully oxidized at least at the surface
which are less active (in the low temperature range) with respect
to the original catalyst active species. This does not contrast most
of the previous literature that showed higher activity in CH4 com-
bustion at high temperature for large PdO particles with respect to
the corresponding large Pd metal particles.

5. Conclusions

A deep chemical characterization study of the surface of 2%
Pd powder catalyst supported on CeO,-ZrO,, prepared by solution
combustion synthesis, both in fresh and aged status (after accel-
erated hydro-thermal ageing in presence of SO,) was carried out.
The catalyst is suitable for CH4 combustion in domestic boilers ap-
plications.

The fresh and 1 week-aged catalysts resulted very active in
CH4 combustion, denoting absolutely no deactivation phenomena
notwithstanding the aggressive ageing treatment. In both these
catalysts, very small Pd metal clusters and Pd oxide species co-
exist and likely work synergistically: CH4 activation may be easier
on Pd metal, Pd oxide providing O, species to form CO,.

The deactivation occurred upon the first two weeks of ageing,
on 2 and 3 weeks-aged catalysts, probably linked for the most part
to the surface oxidation of Pd metal crystals. The progressive ox-
idation of highly dispersed small Pd particles to PdOy, as well as
the coalescence of dispersed Pd oxide species, resulted, in fact, in
PdO, particles fully oxidized at least at the surface level, which are
less active with respect to the species on the catalytic material in
its original status.
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